The under-actuated foot rotation that the heel of the stance leg lifts off the ground and the body rotates around the stance toe is an important feature in human walking. However, it is absent in the realized walking gait for the majority of biped robots because of the difficulty and complexity in the control it brings about. In this paper, a hybrid control approach aiming to integrate the main characteristics of human walking into a simulated seven-link biped robot is presented and then verified with simulations. The bipedal robotic gait includes a fully actuated single support phase with the stance heel supporting the body, an under-actuated single support phase, with the stance toe supporting the body, and an instantaneous double support phase when the two legs exchange their roles. The walking controller combines virtual force control and foot placement control, which are applied to the stance leg and the swing leg, respectively. The virtual force control assumes that there is a virtual force which can generate the desired torso motion on the center of mass of the torso link, and then the virtual force is applied through the real torques on each actuated joint of the stance leg to create the same effect that the virtual force would have created. The foot placement control uses a path tracking controller to follow the predefined trajectory of the swing foot when walking forward. The trajectories of the torso and the swing foot are generated based on the cart-cable model. Co-simulations in Adams and MATLAB show that the desired gait is achieved with a biped robot under the action of the proposed method.
Introduction
Humans are the most important inspiration for research on biped robots because of their resemblance. The unique neural and morphological mechanisms enable humans to show very versatile and efficient locomotion. Consequently, realizing human-like walking on biped robots has been an attractive research field for decades. Up to now, various advanced biped robots have been developed, from childlike robots NAO [1, 2] and iCub [3, 4] to human-sized robots Asimo [5, 6] , HRP [7] [8] [9] , and Atlas [10, 11] . For these biped robots, the most popular control approach is based on the Zero Moment Point (ZMP) theory, i.e. the contact point of the foot with the ground where the total of horizontal inertia and gravity forces equals zero is strictly within the support polygon [12, 13] . Following the ZMP criterion ensures that these biped robots walk stably and robustly on a variety of terrains. However, in order to increase the stability of walking, the stance foot of biped robots is always flat on the ground, making the gait unnatural and energy-inefficient.
In order to reproduce anthropomorphic walking on a biped robot, it is important to study and understand the walking pattern of humans. Human walking is the repetition of a basic movement, namely, the step. Generally, a normal step can be roughly divided into two successive phases according to the foot contact with the ground: the double support phase (or the stance phase), when both feet are on the ground, and the single support phase (or the swing phase), when only one foot is in contact with the ground [28] . Figure 1 shows a single gait cycle, from when one foot strikes the ground with its heel to when the other foot strikes the ground. In the initial portion of the single support phase, the sole of the stance foot is flat on the ground, and the center of pressure locates within the stance Appl. Sci. 2017, 7, 499 3 of 11 heel. For the rest of the single support phase, the heel of the stance foot lifts off the ground and rotates around the toe [29] . The center of the pressure moves forward from the stance heel to the stance toe before the heel of the swing foot contacts the ground. The foot rotation around the toe in the single support phase is named "heel off and toe support", which is a significant feature of human walking and has an important effect on walking performance.
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Figure 1.
A single gait cycle of the human walking pattern. In the single support phase, the heel of the stance foot lifts off the ground and rotates around the toe, which is named "heel off and toe support".
The Biped Robot Model
The model considered in this paper is a planar seven-link biped robot of which the movement is constrained in the sagittal plane. The biped robot has two three-segmented legs connected by the right and left hip joints at the torso. Each leg is composed of a thigh, shank, and foot that are interconnected by the knee joint and the ankle joint. Each joint is regarded as an independently actuated ideal or theoretically frictionless revolute joint with only one degree of freedom (DOF). Therefore, the biped robot has a total of six internal DOFs, namely, one in each hip joint, one in each knee joint, and one in each ankle joint. Figure 2 illustrates the biped robot model. The right and left legs are supposed to be identical and exchange their roles between steps. Thus, the properties of the two legs are pairwise equal. li and mi represent the length and mass of link i, respectively. The distance between the local center of mass (CoM) and the lower end of link i is indicated by ηili where 0 < ηi < 1. Having six actuated joints, the biped robot dynamics is driven by six joint driving torques, i.e., τ = [τ1, τ2, τ3, τ4, τ5, τ6] T . At any time during a step, the configuration of the biped robot can be defined by a set of generalized coordinates, namely, q = [θ1, θ2, θ3, θ4, θ5, θ6, θ7] T . The base coordinate frame is attached to the base of the robot, i.e., the tiptoe of the stance foot. According to the kinematics theory of robot, θi (i = 1, 2, 3, 4, 5, 6, 7) indicates the amount of rotation around the z-axis needed to align the axis of link i − 1 with the axis of link i. Specifically, θ1 represents the angle around the z-axis from the x-axis of the base frame to the axis of the stance foot of the biped robot, and θ2 to θ7 represent the angles between each two adjacent links from the stance foot to the swing foot. Positive rotation follows the right hand rule. In this case, the direction of counterclockwise rotation about the z-axis is assumed positive. A single gait cycle of the human walking pattern. In the single support phase, the heel of the stance foot lifts off the ground and rotates around the toe, which is named "heel off and toe support".
The model considered in this paper is a planar seven-link biped robot of which the movement is constrained in the sagittal plane. The biped robot has two three-segmented legs connected by the right and left hip joints at the torso. Each leg is composed of a thigh, shank, and foot that are interconnected by the knee joint and the ankle joint. Each joint is regarded as an independently actuated ideal or theoretically frictionless revolute joint with only one degree of freedom (DOF). Therefore, the biped robot has a total of six internal DOFs, namely, one in each hip joint, one in each knee joint, and one in each ankle joint. Figure 2 illustrates the biped robot model. The right and left legs are supposed to be identical and exchange their roles between steps. Thus, the properties of the two legs are pairwise equal. l i and m i represent the length and mass of link i, respectively. The distance between the local center of mass (CoM) and the lower end of link i is indicated by η i l i where 0 < η i < 1. Having six actuated joints, the biped robot dynamics is driven by six joint driving torques, i.e., τ = [τ 1 , τ 2 , τ 3 , τ 4 , τ 5 , τ 6 ] T . At any time during a step, the configuration of the biped robot can be defined by a set of generalized coordinates, namely, q = [θ 1 , θ 2 , θ 3 , θ 4 , θ 5 , θ 6 , θ 7 ] T . The base coordinate frame is attached to the base of the robot, i.e., the tiptoe of the stance foot. According to the kinematics theory of robot, θ i (i = 1, 2, 3, 4, 5, 6, 7) indicates the amount of rotation around the z-axis needed to align the axis of link i − 1 with the axis of link i. Specifically, θ 1 represents the angle around the z-axis from the x-axis of the base frame to the axis of the stance foot of the biped robot, and θ 2 to θ 7 represent the angles between each two adjacent links from the stance foot to the swing foot. Positive rotation follows the right hand rule. In this case, the direction of counterclockwise rotation about the z-axis is assumed positive. 
The Bipedal Robotic Gait
When the contact point between the foot and ground changes during walking, the biped robot translates into the next walking phase that has quite different dynamical characteristics, resulting in many difficulties to the control of the biped robot. This paper is focused on the realization of the so-called "heel off and toe support" on a biped robot. Therefore, the bipedal robotic gait is simplified from the human walking pattern to some extent. First, the double support phase is assumed to be instantaneous. Second, when the swing foot strikes the ground, the sole is parallel to the ground. The desired robotic walking motion can then be regarded as including three phases: a heel support phase, a toe support phase, and an instantaneous double support phase (or impact phase). Figure 3 shows the bipedal robotic walking pattern with state transition events. Each phase is introduced as follows.
(1) Heel support phase (HSP). This phase starts when the toe of the swing leg lifts off the ground.
The whole foot of the stance leg is assumed to remain flat and motionless on the ground without slipping. At the same time, the swing leg swings in the forward direction. In this phase, the biped robot is fully actuated because it has the same numbers of degrees of freedom (DOF) and actuators. (2) Toe support phase (TSP). This phase starts when the heel of the stance leg lifts off the ground.
In this phase, the stance foot rotates around its toe, which is virtually pivoted to the ground, and the swing leg continues to swing forward. The biped robot is under-actuated because there is no actuation between the stance foot and the ground. (3) Impact Phase (IP). Leg roles exchange takes place in this phase. After the swing foot strikes the ground, the swing leg becomes the new stance leg, while the original stance leg rises from the ground and becomes the swing leg. 
The Hybrid Control Scheme
The angle between the stance foot and the ground is determined by the dynamics of the biped robot and cannot be controlled directly. Thus, the greatest difficulty in the control of biped robots is how to integrate the under-actuated toe support phase into the motion. Considering that the high dimensional walking task can be viewed as a collection of several decoupled tasks of lower dimensionality, the control of the biped robot is decoupled into two tasks, i.e., the control of the torso to track the desired motion, and the control of the swing leg to follow the predefined foot placement point. Therefore, a hybrid control scheme is proposed in this paper. The control scheme combines the ideas of virtual force control and foot placement control, which are applied on the stance leg and the swing leg, respectively. The working principle of the hybrid control scheme as illustrated in Figure 4 is detailed below. The main idea of virtual force control is quite straightforward. Taking the CoM of the torso as the end-effector, its motion in the sagittal plane is predefined by the walking pattern generator 
The angle between the stance foot and the ground is determined by the dynamics of the biped robot and cannot be controlled directly. Thus, the greatest difficulty in the control of biped robots is how to integrate the under-actuated toe support phase into the motion. Considering that the high dimensional walking task can be viewed as a collection of several decoupled tasks of lower dimensionality, the control of the biped robot is decoupled into two tasks, i.e., the control of the torso to track the desired motion, and the control of the swing leg to follow the predefined foot placement point. Therefore, a hybrid control scheme is proposed in this paper. The control scheme combines the ideas of virtual force control and foot placement control, which are applied on the stance leg and the swing leg, respectively. The working principle of the hybrid control scheme as illustrated in Figure 4 is detailed below. 
The angle between the stance foot and the ground is determined by the dynamics of the biped robot and cannot be controlled directly. Thus, the greatest difficulty in the control of biped robots is how to integrate the under-actuated toe support phase into the motion. Considering that the high dimensional walking task can be viewed as a collection of several decoupled tasks of lower dimensionality, the control of the biped robot is decoupled into two tasks, i.e., the control of the torso to track the desired motion, and the control of the swing leg to follow the predefined foot placement point. Therefore, a hybrid control scheme is proposed in this paper. The control scheme combines the ideas of virtual force control and foot placement control, which are applied on the stance leg and the swing leg, respectively. The working principle of the hybrid control scheme as illustrated in Figure 4 is detailed below. The main idea of virtual force control is quite straightforward. Taking the CoM of the torso as the end-effector, its motion in the sagittal plane is predefined by the walking pattern generator Figure 4 . The hybrid walking control scheme. The virtual force control is applied on the stance leg, while the foot placement control is applied on the swing leg.
The main idea of virtual force control is quite straightforward. Taking the CoM of the torso as the end-effector, its motion in the sagittal plane is predefined by the walking pattern generator according to the given gait parameters. In fact, the position and posture of the torso are determined by the motion of the previous joints, i.e., from the toe to the hip of the stance leg. However, it is assumed that a virtual force is directly acted on the center of mass of the torso link, which leads to the desired torso motion. Based on the dynamics theory, the real torques on the previous joints can be derived, which create the same effect that the virtual force would have created had they existed [30] .
Suppose that the origin of the global reference frame (X 0 , Y 0 , Z 0 ) is set at the tiptoe of the stance foot. The kinematical equations of the biped robot can be easily analyzed by a geometrical method. The position vector of the local CoM of the torso indicated by P = [P x , P y , θ z ] T can be described as
where P x represents the position in the x-direction, P y represents the position in the y-direction, θ z represents the posture around the z-axis, and, for simplicity, c i = cosθ i , s i = sinθ i , c i+j = cos(θ i + θ j ), and s i+j = sin(θ i + θ j ). The Jacobian matrix can be obtained from the partial differentiation of the above equation:
Use F = [F x , F y , T z ] T to indicate the virtual force acting on the torso, with the three components representing the force in the x-direction, the force in the y-direction, and the torque around the z-axis respectively. Then, the real actuator torques τ = [τ 0 , τ 1 , τ 2 , τ 3 ] T can be calculated using the Jacobian matrix, which maps the force on the end-effector to the joint torques:
It should be noted that the torque τ 0 acting on the stance toe actually equals zero since the stance toe is unactuated. Therefore, the three components of the virtual force are subject to the following constraint:
which means that, once any two of these three components are determined, the third one can be solved from this equation.
In this paper, the virtual force and torque F y and T z are first specified by applying two PID controllers on the torso to track the desired position in the y-direction and the desired posture around the z-axis. F y and T z can be obtained from the summation of the output of the PID controller and gravity term, written as
where P y,d and P z,d are desired positions of the torso, and P y,r and P z,r are real positions of the torso.
Combining Equations (4) and (5), the virtual force F x can be derived. Plugging F x , F y , and T z back into Equation (3), the joint torques can be calculated.
The foot placement control aims to output the appropriate step location of the biped robot to obtain the desired walking gait [31] . For the swing leg, given the walking parameters such as step length, step height, and cycle time, the trajectory of the swing foot is generated. Once the trajectories of the torso and swing foot are both already known, the inverse kinematics can be resolved to calculate the joint angles of the swing leg. Then, position controllers are applied on the joints to track the desired trajectories.
Results

Walking Pattern Generation
The role of the walking pattern generator is to output the desired trajectories of the CoM of the torso and the swing foot. In this paper, the cart-cable model shown in Figure 5 is adopted, with the cart representing the CoM of the robot, and the foot of the table representing the stance foot of the robot [32, 33] . It is assumed that the mass of the biped robot is lumped with the CoM of the robot, and the CoM is kept at a constant height. Based on the model, the relationship between the trajectories of the CoM and the reference ZMP can be described as [34] ..
where x COM is the horizontal position of the CoM, x ZMP is the horizontal position of the ZMP, z COM is the height of the CoM, and g is the gravity acceleration.
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Walking Pattern Generation
The role of the walking pattern generator is to output the desired trajectories of the CoM of the torso and the swing foot. In this paper, the cart-cable model shown in Figure 5 is adopted, with the cart representing the CoM of the robot, and the foot of the table representing the stance foot of the robot [32, 33] . It is assumed that the mass of the biped robot is lumped with the CoM of the robot, and the CoM is kept at a constant height. Based on the model, the relationship between the trajectories of the CoM and the reference ZMP can be described as [34] ( )
where xCOM is the horizontal position of the CoM, xZMP is the horizontal position of the ZMP, zCOM is the height of the CoM, and g is the gravity acceleration. The reference ZMP trajectory of the biped robot needs to be predefined according to the walking phases described previously. In the heel support phase (from time Tk to Tk + Ths), the ZMP moves from the heel to the toe of the stance foot. In the toe support phase (from time Tk + Ths to Tk+1), the ZMP is kept constant at the tiptoe. In the impact phase, the ZMP transfers from the tiptoe of the stance foot to the heel of the swing foot. Figure 6 shows the generated reference ZMP trajectory in the horizontal plane. Using Equation (6), the corresponding CoM trajectory is deduced. The trajectory of the CoM of the torso link can then be obtained by adding an offset to the reference CoM trajectory. Figure 6 . The reference Zero Moment Point (ZMP) trajectory of the biped robot. In the heel support phase, the ZMP moves from the heel to the toe of the stance foot. In the toe support phase, the ZMP is kept constant at the tiptoe. In the impact phase, the ZMP transfers from the tiptoe of the stance foot to the heel of the swing foot. The reference ZMP trajectory of the biped robot needs to be predefined according to the walking phases described previously. In the heel support phase (from time T k to T k + T hs ), the ZMP moves from the heel to the toe of the stance foot. In the toe support phase (from time T k + T hs to T k+1 ), the ZMP is kept constant at the tiptoe. In the impact phase, the ZMP transfers from the tiptoe of the stance foot to the heel of the swing foot. Figure 6 shows the generated reference ZMP trajectory in the horizontal plane. Using Equation (6), the corresponding CoM trajectory is deduced. The trajectory of the CoM of the torso link can then be obtained by adding an offset to the reference CoM trajectory.
The trajectory of the swing foot is planned using polynomial interpolation that satisfies certain constraints in a complete walking cycle. There are four constraints on the curve, including two positional constraints and two constraints on the gradient. Thus, a polynomial of degree four is adopted to describe the trajectory. The trajectory consists of two sections related to the heel support phase and the toe support phase. The coefficients are obtained respecting the continuity of position and velocity. Moreover, in order to preserve a smooth landing of the swing foot, the velocity before the impact moment is considered to be zero.
the ZMP is kept constant at the tiptoe. In the impact phase, the ZMP transfers from the tiptoe of the stance foot to the heel of the swing foot. Figure 6 shows the generated reference ZMP trajectory in the horizontal plane. Using Equation (6), the corresponding CoM trajectory is deduced. The trajectory of the CoM of the torso link can then be obtained by adding an offset to the reference CoM trajectory. In the heel support phase, the ZMP moves from the heel to the toe of the stance foot. In the toe support phase, the ZMP is kept constant at the tiptoe. In the impact phase, the ZMP transfers from the tiptoe of the stance foot to the heel of the swing foot. Figure 6 . The reference Zero Moment Point (ZMP) trajectory of the biped robot. In the heel support phase, the ZMP moves from the heel to the toe of the stance foot. In the toe support phase, the ZMP is kept constant at the tiptoe. In the impact phase, the ZMP transfers from the tiptoe of the stance foot to the heel of the swing foot.
Simulation
To verify the effectiveness of the previously proposed control scheme, co-simulations are carried out in Adams and MATLAB. Adams is the most famous and widely used multibody dynamics software, and MATLAB has powerful functions in computing, programming, and control system designing. Co-simulations are able to utilize the advantages of both programs by combining the virtual mechanical system together with the complex control system. The virtual mechanical model of the biped robot is built in Adams, and the control scheme is programmed using the Simulink toolkit in MATLAB. With the Adams/Control plugin, information can be exchanged between Adams and MATLAB, in other words, outputting joint torques to the virtual model in Adams, and feeding joint motion information back to the control system in MATLAB.
The main physical parameters of the biped robot model are shown in Table 1 . The lengths of the links from the torso to the foot are 0.4, 0.37, 0.36 and 0.21 m, respectively. Their corresponding masses are 3, 1.8, 1.5 and 0.3 kg respectively. The planned duration of the heel support phase is 0.4 s, and the toe support phase is 0.3 s. In the implementation of the hybrid control scheme, the main work is to tune the parameters of the controllers by trial and error. If the parameters are selected appropriately, the desired walking pattern can be realized. Figure 7 shows the screenshots of the realized bipedal robotic walking in one cycle. Figure 8 presents the joint angles of the biped robot during walking. These angles have the same meanings as defined in Figure 2 . From these two figures, it is clear to see that from the start point to 0.4 s, the sole of the stance foot is flat on the ground when the biped robot steps forward. After 0.4 s, the angle between the ground and the stance foot sole indicated by θ 1 begins to decrease, which means the stance heel lifts off the ground and rotates around the tiptoe. Thus, both the heel support phase and the toe support phase are realized, demonstrating that the proposed hybrid walking controller is effective. 
Conclusions and Discussion
This paper introduces a solution to the problem of the realization of human-like bipedal robotic walking with under-actuated foot rotation. The studied biped robot model is a planar seven-like biped robot with feet. The desired gait includes three successive phases, i.e., a fully actuated phase where the heel supports the body, an under-actuated phase where the toe supports the body, and an instantaneous double support phase where the foot-ground impact takes place and the two legs exchange their roles. To achieve this gait, a hybrid walking controller is proposed by combining virtual force control and foot placement control, which are applied on the stance leg and the swing leg, respectively. The controller decouples the high-dimensional dynamic walking into two simpler tasks of lower dimensionality. Therefore, compared with the current methods, fewer control efforts and computation are required to realize human-like walking on a biped robot. The validity of the proposed approach is verified by co-simulations in Adams and MATLAB.
However, there are still limitations in this paper. The double support phase, different from the human walking pattern, is assumed to be instantaneous. In the future, we will add the finite-time double support phase to the bipedal robotic walking gait. We will also study the implementation of the hybrid control approach on a physical biped robot prototype. 
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